A variety of fluconazole derivatives were synthesized by reacting the alcoholic function of fluconazole with an acid chloride of a variety of aliphatic and aromatic organic acids. The acid chlorides were prepared by reaction of the corresponding organic acids with thionyl chloride. The synthesized compounds were evaluated for their in vitro antifungal activity against C. albicans and A. niger and the results indicated that the compounds 6, 11, and 15 are more active in comparison to the parent compound, fluconazole. Further quantitative structure activity relationship (QSAR) was applied on these fluconazole derivatives to understand the relationship between the biological activity and the structural features. The QSAR study indicated the importance of electronic parameters, the energy of the lowest unoccupied molecular orbital (LUMO) and the topological parameter 2 χ, second order molecular connectivity index in contribution to the antifungal activity of the fluconazole derivatives. Excellent statistically significant models were developed by this approach (r = 0.85-0.89). The cross-validated r 2 (q 2 ), which is an indication of the predictive capability of the model, was also very good (q 2 >0.5).
Introduction
In recent years fungal infections have emerged as a major cause of disease and mortality, in part as a consequence of the increase in the acquired immunodeficiency syndrome (AIDS) [1] [2] [3] . The easily gained resistance is the main problem encountered in developing safe and efficient antifungals. There are effective antifungal agents on the market, but each drug carries several drawbacks. The presently marketed antifungal drugs are either toxic (e.g. Amphotericin-B, AMB) or are becoming ineffective due to the appearance of resistant strains (e.g. Flucytocine).
The most frequently used antifungal fluconazole possess a broad-spectrum activity and reduced toxicity compared to other antifungal drugs. Extensive use of fluconazole resulted in the increase of the number of fluconazole resistant fungi strains [8] [9] [10] [11] [12] [13] .
The quantitative structure-activity relationship (QSAR) study is a useful tool for a rational search of bioactive compounds. A QSAR study describes a definite role in a quantitative term of a structural feature in the molecule with a definite contribution to the activity of a particular physicochemical property of the structural feature. Thus, QSAR studies have a predictive ability and simultaneously provide deeper insight into the mechanism of drug receptor intractions. 14 In view of the above and in continuation of our studies on QSAR in describing biological activity [15] [16] [17] [18] [19] [20] [21] , the present paper reports on the QSAR studies on antifungal activity of newly synthesized fluconazole derivatives for the first time.
Results and Discussion
The synthesis of fluconazole [2-(2,4-difluorophenyl)-1,3-bis(1,2,4-triazol-1-yl)propan-2-ol] derivatives was carried out as outlined in Scheme 1 and Scheme 2. The key intermediate acid chloride was prepared by the reaction of the corresponding acids with thionyl chloride/phosphorus pentachloride. The acid chlorides were reacted with fluconazole to yield their corresponding esters. The esters were confirmed by their high Rf value and low melting point. The spectral data were found in agreement with the assigned molecular structure. The physicochemical characteristics of the synthesized compounds are presented in Table1. The in vitro antifungal activity of fluconazole derivatives has been investigated against Candida albicans (CA) and Aspergillus niger (AN) . The minimum inhibitory concentration (MIC) was determined by means of a standard two-fold dilution method 22 using Sabouraud dextrose broth. Most of the synthesized compounds have been found to delineate profound antifungal activity compared to the parent drug, fluconazole. Fluconazolyl stearate (6), fluconazolyl veratrate (11) and fluconazolyl myristate (15) were found to be more active than the parent compound, fluconazole. The antifungal screening results depicted in Table 1 , reveals that the reported compounds showed a remarkable antifungal effect.
A. niger > C. albicans In order to deduce the correlation of the observed antifungal activity, in terms of the MIC (µM mL -1 ) of the reported compounds with different structural parameters, a systemic QSAR investigation has been carried out using the model proposed by Hansch et al. 23 The activity data (pMIC) representing the concentration of compound that inhibited the visible growth in various fungal species, was used as dependent variable to get a linear relationship in the QSAR model.
These were correlated with different molecular descriptors like the log of the octanol-water partition coefficient (log P) 24 , the molar refractivity (MR) 25 27 , the Balban topological index (J) 28 , the Wiener topological index (W) 29 , the Total energy (Te), energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 30 , the dipole moment (µ), the electronic energy (Ele.E), the nuclear energy (Nu.E) and the molecular surface area (SA) 31 . The values of the selected descriptors used in the regression analysis are presented in Table 2 . The above-mentioned parameters were calculated for the lowest energy conformers of the compounds in the series using the software TSAR 3D version. Using these above data, a correlation matrix was calculated to find the correlation as well as the colinearity between the descriptors (Table 3) The data presented in Table- 3 demonstrated the high colinearity between the parameters (r > 0.8) except with the LUMO. This high colinearity indicated that these parameters couldn't be combined to get multiple linear regression (MLR) models. If combined, it may result in change in signs of the coefficients, a change in the values of the previous coefficient, the change of a significant variable into an insignificant one or an increase in standard error of the estimate on addition of an additional parameter to the model. 33 Model-1 is developed to predict the antifungal activity of the fluconazole derivatives against C. albicans. The statistically significant Eq-1 shows a positive correlation with the LUMO as shown below. The electronic parameter LUMO which denote the energy of the lowest unoccupied molecular orbital, directly relates to the electron affinity and characterizes the susceptibility of the molecule towards an attack by nucleophiles. 34 A positive correlation with the LUMO indicates that the magnitude of the antifungal activity of the fluconazole derivatives is directly proportional to the LUMO values. This was evidenced by the LUMO values of compounds 6, 11, and 15 (LUMO = -0.60, -1.01, -0.65, see Table 2 ) which were higher than those of other compounds and which are highly active with pMICca values of 2.76, 2.65, 2.54 (Table 1) respectively. Similarly, the compounds 12 and 17 having low LUMO values (-2.00 and -1.73 (Table 2) respectively) have minimal antifungal activity against C. albicans (pMIC ca = 2.06 and 2.06 respectively). The presence of an electron withdrawing group NO 2 in compounds 12 and 17 may be responsible for their low LUMO value. A biparametric model for antifungal activity of the title compounds was developed using the second order molecular connectivity index ( The combination of the LUMO and 2 χ resulted in a very low increase in the r value i.e. r = 0.874 (Eq-1) to r = 0.892 (Eq-2). The interrelationships between the above parameters are very low (r = -0.118 Table-3 ). Looking at this interrelationship, it appears that there should be a significant increase in the r-value, whereas Eq.2 does not represent the above fact. The trend may be explained by the existence of a Variance Inflation Factor (VIF). 35 The VIF value was calculated from 1/1-r 2 , where r 2 is the squared multiple correlation coefficient of one parameter effect on the remaining parameter. VIF values greater than 5 indicate the presence of unacceptably large multicolinearity between parameters in the correlation. The VIF value of Eq-2 is closer to 5 (VIF = 4.87, Eq-2) and may be responsible for the marginal increase in its r value. The model expressed by Eq-1 was cross validated by its high q 2 value (q 2 = 0.715, Eq-1)
obtained by the leave one out technique. The value of q 2 greater than 0.5 is the basic requirement for qualifying a QSAR model to be a valid one. 36 A good agreement between experimental and predicted data by Eq-1 is demonstrated by the low residual values observed in Table-4 . Further, the predictive ability of Eq-1 is supported by the plot of pMIC ca observed verses pMIC ca predicted (Fig. 1) .
Further, the plot of pMIC ca observed verses residual pMIC ca indicates that no systemic error exists in the model development as the propagation of error is observed on both sides of zero 21 . The positive coefficient of the descriptor suggests that non-branched molecules will have enhanced antifungal activity. This fact was evidenced by the antifungal activity data of fluconazole derivatives presented in Table- 1, which shows that the unbranched linear fatty acid esters of fluconazole have better antifungal activity than their branched aromatic acid ester except for the case of aromatic esters having the electron donating methoxy (-OCH 3 ) group.
The predictive ability of the QSAR model expressed by Eq-3 is also evidenced by the low residual activities observed in Table-4 as well as by its high q 2 value (q 2 = 0.645, q 2 > 0.5) obtained by the leave one out technique. It is worth mentioning that no outliers were observed in the present study. The statistical measures of the summarized QSAR equations described above portray their statistical significance and the validation parameters strongly supports their predictive potential.
Conclusions
From the results and discussion made above, we conclude that the 2-(2,4-difluorophenyl)-1,3-bis(1,2,4-triazol-1-yl)propan-2-ol derivatives synthesized in the present study were more active against A. niger than C. albicans. The results of in vitro antifungal activity indicated that the compounds 6, 11 and 15 are the most effective ones. The results of the QSAR study give rise to QSAR models with good predictive ability for antifungal activity of fluconazole derivatives. Linear regression for the total data set of 20 compounds in the present study with the antifungal activity demonstrated that the electronic parameter, energy of lower unoccupied molecular orbital (LUMO) and the topological parameter, second order molecular connectivity index (
appears to be the governing factors for the antifungal potency of synthesized fluconazole derivatives.
Experimental Section
General procedure for the synthesis of acid chloride. Using thionyl chloride 37 The acid (0.16 mol) was dissolved in thionyl chloride (25 mL) and refluxed for the appropriate period of time till the acid was completely converted into its corresponding acid chloride. The excess of thionyl chloride was distilled off.
Using phosphorus pentachloride
To the acid (1 g) in chloroform (15 mL), 5 g of phosphorus pentachloride was added portion wise. The above reaction mixture was stirred for 3 h with a magnetic stirrer followed by its concentration under vacuum. The concentrate was filtered off and the liquid portion was used for further reaction.
General procedure for the synthesis of the fluconazole ester derivatives Fluconazole (0.003 mol) in ether (10mL) was added to the corresponding acid chloride (0.005mol) in ether (50mL) and the reaction mixture was stirred with a magnetic stirrer in cold condition (0-10 0 C) for 30 min. The solid product thus obtained was filtered off and washed with ether till the excess of acid chloride was removed. Then the crude ester was recrystallized from ethanol.
Structures of the synthesized compounds were confirmed on the basis of their spectroanalytical data. 
Antifungal evaluation
Using the serial dilution technique in Sabouraud dextrose broth-I.P. 38 as a medium, the in vitro antifungal activity of the synthesized compounds was carried out against C. albicans and A. niger. The fluconazole derivatives were dissolved in DMSO to give a concentration of 10 µg/mL (stock solution). The stock solution of synthesized fluconazole derivatives were serially diluted in tubes containing 1 mL of sterile Sabouraud dextrose broth to get a concentration of 5 to 0.156 µg/mL and then inoculated with 100 µL of suspension of respective organisms in sterile saline. The inoculated tubes were incubated at 37±1°C for 48h and 25±1°C for 7d in case of C. albicans and A. niger, respectively, and minimum inhibitory concentrations (MIC) were determined. From the observed MIC values, the exact MIC values were determined by making suitable dilutions of the stock solution.
QSAR analysis
The calculations of molecular descriptors of fluconazole derivatives as well as the regression analysis were carried out using the molecular package TSAR 3D version 3.3 32 . The details of calculation of these descriptors are available in the literature [24] [25] [26] [27] [28] [29] [30] [31] and therefore, they are not mentioned here.
Cross-validation
The models were cross-validated by the 'leave one out' scheme 39 Where SD is the sum of squares deviation for each activity from the mean. PRESS (predictive sum-of-squares) is the sum of the squared difference between the actual and that of the predicted values when the compound is omitted from the fitting process. The model with high q 2 value is said to have high predictability.
